Arterial aging is a major risk factor for the occurrence of cardiovascular diseases. The aged artery is characterized by endothelial dysfunction and vascular smooth muscle cells altered physiology together with low-grade chronic inflammation. MicroRNA-34a (miR-34a) has been recently implicated in cardiac, endothelial, and endothelial progenitor cell senescence; however, its contribution to aging-associated vascular smooth muscle cells phenotype has not been explored so far. We found that miR-34a was highly expressed in aortas isolated from old mice. Moreover, its well-known target, the longevity-associated protein SIRT1, was significantly downregulated during aging in both endothelial cells and vascular smooth muscle cells. Increased miR-34a as well as decreased SIRT1 expression was also observed in replicative-senescent human aortic smooth muscle cells. miR-34a overexpression in proliferative human aortic smooth muscle cells caused cell cycle arrest along with enhanced p21 protein levels and evidence of cell senescence. Furthermore, miR-34a ectopic expression induced pro-inflammatory senescence-associated secretory phenotype molecules. Finally, SIRT1 protein significantly decreased upon miR-34a overexpression and restoration of its levels rescued miR-34a-dependent human aortic smooth muscle cells senescence, but not senescenceassociated secretory phenotype factors upregulation. Taken together, our findings suggest that aging-associated increase of miR-34a expression levels, by promoting vascular smooth muscle cells senescence and inflammation through SIRT1 downregulation and senescence-associated secretory phenotype factors induction, respectively, may lead to arterial dysfunctions.
cells (VSMCs) that affects their contractility, migration, extracellular matrix synthesis and deposition, proliferation, and senescence. Interestingly, the molecular mechanisms that lead to these changes in the aged vessels are also important for the pathogenesis of vascular diseases (VDs) such as atherosclerosis and hypertension (2) .
Cellular senescence is a hallmark of organismal aging characterized by irreversible growth arrest and altered cell morphology, accumulation of DNA damage/oxidative stress, telomere shortening, mitochondrial dysfunction and increased expression of senescence-associated β-galactosidase (SA-β-gal), cyclin-dependent kinase inhibitors p21 and p16, and the tumor suppressor gene p53 (3, 4) . Furthermore, cells approaching senescence develop a senescenceassociated secretory phenotype (SASP) consisting in the secretion of pro-inflammatory molecules such as cytokines, chemokines, proteases, growth factors, and soluble receptors that acting in a paracrine and/or autocrine manner modulates tissue microenvironment (3) (4) (5) . SASP factors secreted by senescent VSMCs contribute to the maintenance of a chronic low-grade inflammation typical of aged vasculature (2, 6) . Identification of new molecular players that influence the mechanisms regulating intrinsic vascular aging and related dysfunctions is of high scientific interest.
MicroRNAs (miRNAs) are small, noncoding RNAs that control gene expression by targeting messenger RNAs (7) that are emerging as new therapeutic targets. Indeed, miRNAs deregulation profoundly affects tissues development and homeostasis, and is involved in the onset of various diseases; moreover, the expression and function of these small molecules can be efficiently manipulated in vivo through systemic or local delivery of miRNA inhibitors or mimics (8, 9) . MicroRNA-34a (miR-34a) is a p53-regulated tumor suppressor miRNA, able to control cell cycle arrest, apoptosis, and senescence in a p53-dependent or -independent and cell cancer context manner (10) (11) (12) . More recently, several studies have highlighted miR-34a as an important mediator of aging and cardiac and endothelial cell dysfunctions (13, 14) . miR-34a expression increases in different organs of aged mice such as brain, spleen, and heart (14) (15) (16) (17) . In the heart, genetic ablation of miR-34a mitigates contractile function decline and prevents cardiac hypertrophy of old mice reducing cardiomyocytes apoptosis (14) . Further, miR-34a expression rises in the border zone of the infarcted heart and its inhibition improves remodeling after infarction (14) . Finally, increasing levels of miR-34a are observed during endothelial and endothelial progenitor cells culturing and are responsible for the acquisition of their senescent phenotype through direct downregulation of one of its target genes, SIRT1 (15, 17) .
This study was undertaken to test the hypothesis that miR-34a could impact vascular aging and, in particular, VSMCs senescence. We demonstrated that miR-34a expression increases in aged mouse aorta and replicative-senescent primary human aortic smooth muscle cells (HASMCs) along with a reduction of SIRT1 protein levels. Overexpression of miR-34a in proliferative HASMCs induces G0-G1 cell cycle arrest, SIRT1-dependent senescence, and contributes to their inflammatory phenotype by triggering the expression of age-associated pro-inflammatory molecules. Our data suggest that miR-34a by influencing VSMCs senescence and inflammation may play a key role in regulating age-associated arterial diseases.
Methods
An expanded Methods section is provided in the online Supplementary Material.
Animal work was performed in accordance with national and international law and policies.
Results

miR-34a Expression Increases During Aging in Murine Aortas
To investigate whether miR-34a expression is modulated during the process of vascular aging, we analyzed aortas isolated from young (2.5-month-old) and old (21-month-old) mice. As expected and revealed by Western blot (WB) analysis, compared with young specimens, aged aortas showed a significant increase in the levels of p16 (Supplementary Figure 1A and B) and p21 (Supplementary Figure 1C  and D) , two senescence-associated proteins. The expression levels of SM22a, a contractile smooth muscle cells marker, were also significantly downregulated in the old vasculature (Supplementary Figure 1E) . Notably, as determined by quantitative reverse transcriptase-PCR, we observed a nearly twofold increase of miR-34a expression levels in aged aortas compared with young aortas ( Figure 1A ).
SIRT1 Expression Decreases With Aging in Both Endothelial and VSMCs
We, then, assessed the protein levels of Axl, Bcl-2, and SIRT1 by WB analyses; these are known miR-34a targets and play a role in vascular cell function (18) (19) (20) (21) (22) (23) . Neither Axl nor Bcl-2 protein levels exhibited a significant difference in young versus old aortas ( Supplementary Figure 2A-D) . Conversely, SIRT1 protein levels were significantly downregulated with age (Supplementary Figure 2E and F). Immunohistochemical analysis of aortic sections showed SIRT1 expression in both endothelial and VSMCs in young aortas ( Figure 1B ). Interestingly, a strong reduction of SIRT1 expression was observed in both endothelial and VSMCs of aged aortas ( Figure 1B 
miR-34a Expression Increases During Replicative Senescence in HASMCs Along With a Reduction of SIRT1 Protein Levels
We next determined if miR-34a expression is modulated during VSMCs aging. As replicative senescence is considered an underlying cause of aging (24), we cultured HASMCs until they ceased to proliferate (passage 15). HASMCs at passage 5 were used as a young control. Senescence at passage 15 was confirmed by SA-β-gal staining (Supplementary Figure 4) and, in accordance to previous studies, senescent cells exhibited increased gene expression of several proinflammatory molecules (data not shown) (6, 25) . Real-time PCR revealed a robust increase of miR-34a expression levels in senescent versus young cells ( Figure 1D ). Conversely, WB analysis indicated a strong downregulation of SIRT1 protein levels in old HASMCs compared with young cells ( Figure 1E ). Similar results were observed in two other HASMCs clones (data not shown).
miR-34a Overexpression Inhibits HASMCs Proliferation and Induces Cell Senescence
To investigate whether the upregulation of miR-34a associated to HASMCs senescence plays a role in VSMCs growth, we assessed the effects of miR-34a ectopic expression on young HASMCs proliferation by transfecting these cells with a miR-34a mimic. In comparison with the control (miRNA mimic control [SCR]), miR-34a mimic reduced cell number already by 48 hours after transfection; the main and statistically significant differences were observed at 72-hours post-transfection ( Figure 2A ). Further, we evaluated cell cycle distribution by fluorescence-activated cell sorting analysis after propidium iodide (PI) staining. miR-34a ectopic expression significantly increased the percentage of HASMCs in G0-G1 phase ( Figure 2B ) at 24-hours post-transfection when compared with negative control. Accordingly, p21 protein levels were higher in miR-34a-overexpressing cells ( Figure 2C and D) (26) .
We, then, evaluated whether miR-34a could modulate cell senescence, by performing a SA-β-gal staining at different time points (24, 48 , and 72 hours) on HASMCs transfected either with miR-34a mimic or SCR. As a control, we cultured along proliferative (young) and senescent (old) cells. We found that miR-34a enhanced the percentage of SA-β-gal-positive cells at 72 hours after transfection (miR-34a vs SCR; Figure 2E ), while HASMCs transfected with the negative control did not show any difference when compared with untransfected cells (SCR vs young; Figure 2E ).
We also performed SA-β-gal staining at different time points on HASMCs transfected either with a miR-34a inhibitor or a negative control and we observed that miR-34a inhibition could prevent senescence at 72 hours after transfection ( Figure 2F ).
These results suggest that miR-34a overexpression inhibits VSMCs proliferation by inducing G0-G1 cell cycle arrest and promotes senescence.
miR-34a Overexpression Stimulates the Induction of Pro-inflammatory Factors in HASMCs
We next tested whether miR-34a overexpression in young HASMCs induced the inflammatory phenotype of senescent VSMCs (data not shown) (6, 25) . At 72 hours after transfection, compared with SCR, the miR-34a significantly increased the messenger RNA levels of pro-inflammatory cytokines IL1β, IL8, IL6, and BMP2 and the chemokine MCP1, as well as the soluble adhesion molecule ICAM1 (Table 1) . Interestingly, IL6, MCP1, and ICAM were already upregulated by 48-hours post-transfection likely in pre-senescent cells (Table 1) . On the contrary, miR-34a did not influence gene expression of growth factors or related proteins (Table 1 ). These results indicate that increasing levels of miR-34a contribute to the inflammatory phenotype of aged VSMCs.
miR-34a Can Induce VSMCs Senescence Through the Direct Modulation of SIRT1
As SIRT1 has been shown to influence VSMCs proliferation and senescence (27) , we explored the possibility that miR-34a could impact both processes by directly regulating SIRT1 protein levels. We detected a decrease of SIRT1 protein expression in HASMCs that ectopically expressed miR-34a at 48 hours but not 24 or 72 hours after transfection in comparison with control ( Figure 3A and B). This indicates that miR-34a-dependent SIRT1 downregulation occurs after HASMCs G0-G1 cell cycle arrest and anticipates senescence induced by high expression of miR-34a.
We then performed a rescue experiment by transfecting replicative cells with miR-34a mimic or mimic negative control along with either a 3ʹ-untraslated region-deleted-SIRT1-expression vector (devoid of the sequences matching miR-34a seed sequence) or the corresponding empty vector. The WB analysis confirmed that endogenous SIRT1 protein levels were severely lowered upon miR-34a overexpression, while exogenous SIRT1 protein levels were unaffected ( Figure 3C ). We next assessed cell proliferation and senescence 72 hours after transfection. As expected, miR-34a inhibited cell proliferation and increased senescence compared with mimic control (empty SCR vs empty miR-34a; Figure 3D and E). SIRT1 ectopic expression alone did not affect the cell number and senescence compared with negative control (empty SCR vs SIRT1 SCR; Figure 3D and E) and, in combination with miR-34a, could not inhibit miR-34a-dependent growth arrest but partially reversed the miR-34a-induced senescence (empty miR-34a vs SIRT1 miR-34a; Figure 3D and E).
We also performed the rescue experiment in the presence of H 2 O 2 , known to induce premature senescence, and evaluated cell growth and the percentage of SA-β-gal-positive cells 24 hours after transfection. In these conditions, miR-34a inhibited cell proliferation and increased senescence compared with mimic control (empty SCR vs empty miR-34a; Figure 3F and G). SIRT1 ectopic expression alone induced a slight but not statistically significant increase in cell number compared with negative control (empty SCR vs SIRT1 SCR; Figure 3F ). Combination of SIRT1 and miR-34a was associated with a trend toward inhibition of cell proliferation versus SIRT1 SCR, which did not achieve statistical significance ( Figure 3F ). Further, SIRT1 overexpression had no effect on cell senescence compared with negative control (empty SCR vs SIRT1 SCR; Figure 3G ), but it was able to counteract the effect of miR-34a (empty miR-34a vs SIRT1 miR-34a; Figure 3G ).
All together these data indicate that miR-34a regulates VSMCs senescence, but not cell proliferation, through the direct modulation of SIRT1.
miR-34a-Mediated Upregulation of Proinflammatory SASP Factors Is SIRT1 Independent
As SIRT1 knockdown in adipocytes induces the expression IL1β, MCP1, and IL6 and its activation by resveratrol reduces the secretion of these molecules by VSMCs (28,29), we checked whether SIRT1 was able to reverse the miR-34a-mediated induction of proinflammatory SASP factors expression in the absence or presence of H 2 O 2 . As expected, miR-34a was able to increase the expression levels of the assessed molecules (empty SCR vs empty miR34a; Supplementary Figure 5) . The presence of SIRT1 could not counteract the miR-34a effect (empty miR-34a vs SIRT1 miR-34a; Supplementary Figure 5) .
Hence, miR-34a-mediated transcriptional activation of proinflammatory SASP factors is SIRT1 independent.
Discussion
Cellular senescence contributes to vascular aging as well as to the development and progression of age-related VDs (30) . Several miRNAs appear to be deregulated during cell senescence and are likely to play a role in age-dependent VD (13) . In this study, we have investigated the unexplored role of miR-34a in vascular aging and, specifically, in VSMCs senescence.
miR-34a has been already associated with endothelial senescence, and its expression has been shown to increase with age in different human and murine tissues (14) (15) (16) (17) ; however, to our knowledge, this is the first evidence reporting an upregulation of this miRNA in aged arteries ( Figure 1A) . Accordingly, protein levels of two senescence-related proteins, p21 and p16, increased as well in old vessels, whereas the expression of SM22a significantly decreased (Supplementary Figure 1) . SM22a plays an active role in maintaining the differentiated contractile phenotype of VSMCs and exerts atheroprotective effects as its genetic ablation in mice has been shown to augment the atherosclerotic lesion area (31, 32) . Notably, among all the assessed miR-34a targets, only SIRT1 protein levels were significantly downregulated during aging (Supplementary Figure 2) ; indeed, we observed high SIRT1 expression in young arterial endothelial cells and VSMCs, whereas it was barely detectable in both cell types of aged vessels ( Figure 1B) . Although Axl and Bcl-2 have been described as miR-34a targets (18, 21) , their protein levels did not change significantly between young and old aortas, suggesting that their expression is likely affected by other regulatory mechanisms during aging; moreover, miR-34a modulation of these genes may be cell specific.
In accordance to the in vivo data, miR-34a levels increase, whereas SIRT1 protein expression decreases, in replicative-senescent VSMCs in vitro ( Figure 1D and E) . Furthermore, ectopic induction of miR-34a in proliferative HASMCs causes at first, cell cycle arrest in G0-G1 phase, along with an expected p21 upregulation, and later, an augmentation of cell senescence (Figure 2) . Thus, as it occurs for endothelial cells (15) , miR-34a regulates VSMCs proliferation and senescence, and it is plausible that modulation of its expression contributes to intrinsic vascular aging and/or VD.
SIRT1 is a negative regulator of cell senescence (33) and has been shown to mitigate several aging-associated degenerative and metabolic diseases (34) . Although the beneficial effects of SIRT1 on endothelial cells behavior in VD have been extensively studied, its role and regulation in VSMCs function in age-dependent arterial dysfunction are still relatively unknown (27, 35) . Recently, Gorenne and colleagues (27) demonstrated that the VSMCs-specific ablation of Sirt1 gene in the ApoE−/− background promotes atherogenesis and enhances medial degeneration. Moreover, SIRT1 is downregulated in VSMCs derived from human atheroscletotic plaques (27) and retards senescence-dependent VSMCs calcification in vitro (36) . Thus, SIRT1 can counteract VSMCs senescence-mediated processes of atherogenesis and vascular calcification (VC) (30, 37) . In this study, we showed that miR-34a upregulation in VSMCs significantly reduces SIRT1 protein levels ( Figure 3A and B) and miR-34a-mediated VSMCs replicative senescence and H 2 O 2 -induced premature senescence occur through modulation of SIRT1 ( Figure 3E and G) . Indeed, although stress-induced premature senescence and replicative senescence differ in the triggering mechanisms, they share some of the main effectors and both are involved in VD (3, 30) . Notably, in absence of H 2 O 2 , SIRT1 could only partially counteract the miR34a-induced senescence ( Figure 3E vs Figure 3G ) suggesting a different extent of involvement. In contrast, miR-34a-induced inhibition of VSMCs proliferation is SIRT1 independent (Figure 3D and F) because the G0-G1 cell growth arrest and p21 upregulation precede SIRT1 downregulation. Additional experiments are needed to establish whether miR-34a could be a pivotal player in VSMCs senescence-mediated vascular dysfunction through SIRT1 control. Surprisingly, in our in vitro assays, the overexpression of SIRT1 per se, failed to either reduce senescence or enhance VSMCs proliferation ( Figure 3D-G) ; this may depend on our experimental conditions as well as on the expression levels of the exogenous protein. Accordingly, conflicting results have been reported in the literature. Li and colleagues described an inhibitory effect of SIRT1 overexpression on VSMCs proliferation both in vitro and in vivo, whereas Ho and colleagues showed that SIRT1 promotes VSMCs proliferation by extending their replicative life span (38, 39) . Besides, both SIRT1 overexpression and VSMCs-specific ablation of Sirt1 gene in mice exacerbate atherogenesis (27, 40) . Therefore, enhancing SIRT1 expression beyond certain levels could be a detrimental therapeutic strategy to cure age-associated VD, whereas restoring SIRT1 physiological expression may be an effective approach. As miRNAs are emerging as a new potential class of drug targets, a therapeutically useful modality could be based on chemistries that inhibit miRNAs which, in turn, target SIRT1 (41) . One possible candidate may be miR-34a.
Arterial aging is also characterized by low-grade chronic inflammation due, in part, to the acquisition of the pro-inflammatory phenotype by senescent VSMCs that start secreting SASP factors (data not shown) (6, 29) . Notably, and for the first time, we showed that overexpression of miR-34a enables HASMCs to express some SASP molecules, specifically, inflammatory cytokines, and chemokines such as IL1β, IL6, IL8, MCP1, BMP2, and the soluble adhesion receptor ICAM1 (Table 1) . Conversely, growth factors and their regulators (ie, IGFBP4/6, GRO/α, and VEGF), known to be implicated in tissue remodeling (42, 43) , were not modulated (Table 1) . Of note, the expression kinetic of SASP factors is differentially influenced by miR-34a, in particular, levels of IL6, MCP1, and ICAM1 (the most induced ones) increase earlier compared with BMP2, IL8, or IL1β (Table 1) . This is in agreement with data reporting secretion of SASP molecules by pre-senescent VSMCs (44) . It is plausible that miR-34a stimulates these "early" cytokines to drive the induction of "late" SASP factors in order to reinforce VSMCs senescence (45) .
Taking in consideration that the acquisition of pro-inflammatory phenotype by pre-senescent/senescent VSMCs has been correlated to the development of age-associated VD such as atherosclerosis and VC, it is even more likely an involvement of miR-34a in the onset of these vascular dysfunctions (6, 25, 44) . Indeed, IL6, the most abundant pro-inflammatory cytokine secreted by aged VSMCs, IL8 and BMP2 are implicated in both atherosclerosis and VC (6, 46) . MCP1 and ICAM1 may be secreted by VSMCs to generate a pro-inflammatory environment and promote recruitment of inflammatory cells, thus enhancing the atherosclerotic process (30) . IL1β can regulate VSMCs switch from a contractile to an inflammatory phenotype by either repressing the transcription of SM22a, or inducing the expression of other SASP factors, including ICAM1 and MCP1 (47) (48) (49) . Interestingly, osteoprotegerin expression is not affected by miR-34a overexpression and, even if it has been found upregulated in senescent VSMCs (25) , recent data suggest a protective role on atherosclerosis and VC (50, 51) . Finally, aortas from ApoE−/− mice fed a Western diet displayed an increase of miR-34a expression during the progression of atherosclerosis (52) , and in agreement with the animal studies, miR-34a was found upregulated in human atherosclerotic plaques of a small cohort of patients (53) .
Interestingly, the miR-34a-mediated upregulation of SASP molecules is SIRT1 independent (Supplementary Figure 5) . The molecular mechanisms by which this miRNA induces SASP factors production may be various. It has been reported that secretion of IL6 and MCP1 in aged human VSMCs depends on TLR4/Myd88 expression and activation (6) . Secretion of IL1β, MCP1, TNFα, and IL6 in aged Macaca mulatta VSMCs correlates with increased NF-kB activation (29) . Mounting evidences also demonstrate that some miRNAs can act as agonist of TLRs and, through the activation of NF-kB, eventually trigger a pro-inflammatory response (54) (55) (56) . Determining whether miR-34a regulates TLR4/MyD88 and/or NF-kB expression or activation by acting as a direct TLRs agonist or by targeting negative regulators of these pathways is of extreme importance in order to develop an effective strategy to counteract miR-34a potential impact on vascular aging and related complications.
In conclusions, our findings suggest a model in which agingassociated increase of miR-34a expression levels in VSMCs could lead to SIRT1 downregulation and SASP factors induction, whereby exacerbating cell senescence and inflammation that characterize arterial dysfunctions such as VC and atherosclerosis (Supplementary Figure 6) .
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